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1. INTRODUCTION 
LITHIUM-ION BATTERIES 
1.1. Chemistry of Traditional Lithium-Ion Batteries 

Lithium-ion batteries (containing no metallic 
lithium) were developed in Japan in the late eighties— 
early in the nineties of the previous century [1—3]. 
Such batteries use as their negative electrodes not 
metallic lithium or its alloys with other metals, but an 
intercalation compound of carbon and lithium. Car¬ 
bon proved to be a very convenient matrix for inter¬ 
calation of lithium. The specific volume of many car¬ 
bon graphitized materials changes under intercala¬ 
tion of a rather large amount of lithium by not more 
than 10% [4]. 

The potential of carbon electrodes containing a not 
too high amount of intercalated lithium is 0.5—0.8 V 
more positive than the potential of a lithium electrode. 
To reach a sufficiently high battery voltage, the first 
battery variants used lithiated cobalt oxides as the 
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active material of the positive electrode. Lithiated 
cobalt oxide has the potential of about 4 V vs. the lith¬ 
ium electrode, so that the characteristic working bat¬ 
tery voltage is 3.5-3.8 V. 

Deintercalation of lithium from the carbon mate¬ 
rial occurs (on the negative electrode) under discharge 
of a battery and lithium is intercalated into the oxide 
(on the positive electrode). Under charging, the pro¬ 
cesses are reversed. Thus, there is no metallic (zero- 
valency) lithium in the whole system and the discharge 
and charging processes are reduced to transport of 
lithium ions from one electrode to another. It is for this 
cause that the authors of such a battery introduced the 
term of “lithium—ion batterry” [1]. At the same time, 
such batteries are often denoted as “rocking chair 
cells” [5]. 

In all lithium-ion batteries brought to the market¬ 
ing stage, the negative electrode is made of carbon 
materials. The current producing process on the nega¬ 
tive electrode is described by the equation: 

6C + xLi + + xe Li^Cg (0<x<l). (1) 

The direct process corresponds to charging and the 
reverse process corresponds to battery discharge. 

The current-producing process on the positive 
electrode of the first lithium-ion batteries is described 
by the following equation: 

LiCo0 2 <-» Li (1 _ + xLi + + xe (0 < x < 0.5). (2) 

Apart from lithiated cobalt oxide, lithiated nickel 
oxide and lithium—manganese spinels are applied in 
conventional lithium-ion batteries. The processes on 
such electrodes are similar to the processes on an elec¬ 
trode with lithiated cobalt oxide. 

There is extensive review and monograph literature 
on the conventional lithium-ion batteries [6—13]. 

Lithium-ion batteries are subject to the regulari¬ 
ties common for all battery types. An ideal battery 
must be absolutely reversible: all charge must be con- 
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sumed only in current-producing reactions of charg¬ 
ing and discharge (in other words, the current effi¬ 
ciency of these processes must be 100%). In a real bat¬ 
tery, there are some other processes (electrochemical 
and chemical) apart from the current-producing reac¬ 
tions. These side processes (usually irreversible) con¬ 
sume a certain amount of electricity. As a result, the 
discharge capacity in each cycle proves to be lower 
than the electricity amount consumed in the previous 
charging stage. Besides, in the course of cycling, 
capacity decreases from cycle to cycle. The nature of 
irreversible processes in batteries of different electro¬ 
chemical systems is diverse. 

Extremely strong oxidants and reducing agents are 
used in lithium—ion batteries (EMF of such batteries 
can exceed 4 V and the charging voltage of conven¬ 
tional batteries is always higher than 4.2 V). Therefore, 
processes of irreversible electrolyte reduction on the 
negative electrode and its irreversible oxidation of the 
positive electrode may basically occur in such batter¬ 
ies. Stability of electrolyte towards decomposition 
(oxidation or reduction) is determined not so much by 
thermodynamical, as by kinetic factors. In operation 
of a lithium—ion battery, processes of intercalation of 
lithium ions into the crystal lattice and their extraction 
from crystals occur. These processes result in a change 
in parameters and even the structrue of the crystal lat¬ 
tice of active materials and these changes can be both 
reversible and irreversible. Irreversible changes in the 
crystal structure of the active materials of the positive 
and negative electrodes always result in a decrease in 
intercalation (reversible) capacity. 

Particular features of the first cycle are characteris¬ 
tic for lithium-ion batteries. Conventional lithium- 
ion batteries are assembled from electrodes in the fully 
discharged state (graphite and LiCo0 2 ), so that their 
cycling always starts from the charging phase. As a 
rule, the charging capacity exceeds considerably the 
capacity of the following discharge. For the further 
cycles, this difference becomes rather low. 

The vast majority of lithium-ion batteries is 
intended for power supply of portable electronic 
devices (cell phones, notebooks, digital photo and 
video cameras, wireless tools, etc) and are produced in 
the form of cells with the capacity of 1 to 10 A h. 

1.2. Main Problems in Development 
of New—Generation Batteries 

Modem lithium-ion batteries have the specific 
energy of 150—200 W h/kg and are superior as regards 
this indicator to all other battery types, not excepting 
even silver—zinc ones. Such a high specific energy is 
one of the determinant factors of rapid development of 
lithium-ion batteries. Specific energy of a battery is 
determined by specific capacity of the active sub¬ 
stances of the positive and negative electrodes, battery 
voltage, and design efficiency. The modem specific 
energy indicators are probably the limit that can be 


reached when a conventional electrochemical system 
is used. So far, an increase in specific energy was 
reached solely by design improvement. Therefore, one 
of the important problems in development of new— 
generation batteries is reduced to finding electrode 
materials with high capacity. 

The cost of the modem lithium-ion batteries is 
largely determined by the cost of cobalt. While the bat¬ 
tery cost plays no particular role when small batteries 
are used in portable devices, economic considerations 
become determinant in development of large battery 
plants (e.g., for electric transport, levelling of peak 
load etc.). 

Finally, the most significant problem in develop¬ 
ment of new—generation lithium-ion batteries is the 
safety problem. At present, about 20 cases of ignition 
or explosions of lithium-ion batteries are registered 
annually. With account for the multibillion yearly pro¬ 
duction of such batteries, the probability of accidents 
is negligible. However, a transition to larger setups 
makes the safety issue a priority problem. 


2. NEGATIVE ELECTRODES 

Limited specific capacity of carbon materials used 
in the modem (conventional) lithium-ion batteries 
and also problems of stability of such materials under 
cycling induced intensive research directed at search¬ 
ing for alternative negative electrode materials. It is 
known that many materials are capable of intercalat¬ 
ing considerable amounts of lithium at sufficiently 
negative potentials. Long before application of carbon 
materials, numerous attempts were made to use alu¬ 
minum and other metals as a negative electrode 
matrix. After successful development of the now con¬ 
ventional electrochemical system of lithium—ion bat¬ 
teries (C/LiCo0 2 ), the search for an alternative to car¬ 
bon was continued and it is still in progress. The great 
diversity of materials studied as regards their applica¬ 
tion as negative electrodes can be divided as follows: 
(a) metals and alloys, (b) metal oxides, (c) silicon and 
silicon—based composites, (d) other materials, includ¬ 
ing nitrides, phosphides, etc. 


2.1. Oxide—Based Materials 

Two ways of the functioning of oxide materials as 
negative electrodes are possible: in some cases, lithium 
is reversibly intercalated into the crystal lattice of an 
oxide at not too positive potentials; in other cases, the 
oxide is first reduced with pure metal formation (in the 
form of nanosize particles) and lithium oxide, and 
then lithium is intercalated into this metal; herewith, 
it is the smallness of metal particles that prevents them 
from degradation, as the specific volume increases. 
The most important example of materials operating 
via the second way is materials based on tin oxides. 
The first communication on such materials appeared 
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in 1997 [14] and immediately caused a whole barrage 
of works in this direction [15—22], 

In the initial variant, amorphous mixed oxides with 
the overall formula of SnM^Oj, (where M = B, P, Al) 
were considered, e.g., materials with the composition 
ofSnB 0 . 5 gP 0 . 40 Al 0 . 42 O 3 .fi [15] or Sn 2 BPO e [19]. During 
the first cathodic polarization of electrode of such a 
material, tin oxide is reduced forming nanoparticles of 
metallic tin and boron, phosphorus, and aluminum 
oxides together with the forming lithium oxide form 
an amorphous matrix stabilizing tin particles and pre¬ 
venting their coalescence. Simultaneously, lithium 
interacts with these tin nanoparticles forming alloys 
with a rather high content of lithium, up to the com¬ 
position of Li 4 4 Sn. Due to the smallness of tin parti¬ 
cles, alloy formation, though accompanied by a signif¬ 
icant increase in the specific volume, still results in no 
appearance of such high internal stress, as would cause 
destruction of metal particles. In the further cycling, 
lithium interacts reversibly with tin particles, while the 
oxide matrix undergoes practically no changes. 

The main advantage of tin—oxide electrodes as 
compared to carbon electrodes consists in their 
enhanced specific capacity. The composition of 
Li 4 4 Sn corresponds to specific capacity of 991 mA h/g 
and 7234 mA h/cm 3 as per tin mass and volume, 
accordingly. 

The above mechanism of functioning of oxide—tin 
electrodes was experimentally confirmed in [15—17], 
Herewith, according to the data of [15—17], the whole 
charge during the first cathodic polarization is con¬ 
sumed only in reduction of tin oxide: 

SnO + 2Li + + 2e —> Sn + Li 2 0, (3a) 

Sn0 2 + 4Li+ + 4e -> Sn + 2Li 2 0, (3b) 

and also in formation of an alloy of lithium and tin: 

Sn + 4.4Li + + 4.4e -> Li 4 4 Sn. (4) 

The charge corresponding to processes (3a) and 
(3b) corresponds to irreversible capacity of the first 
cycle, while that corresponding to process (4) repre¬ 
sents reversible capacity. As follows from equations (3) 
and (4), irreversible capacity of the first cycle for 
Sn0 2 -based electrodes approximately corresponds to 
theoretical reversible capacity. This circumstance is a 
significant fault of such electrodes. Another fault is 
that their practical capacity is usually below the theo¬ 
retical values. As a rule, the initial capacity of elec¬ 
trodes based on tin oxides is 300 to 600 mA h/g and 
decreases nearly by half in the first 10—30 cycles. 

Such strong degradation was explained by gradual 
recrystallization and aggomeration of tin particles 
[15, 16, 19]. Despite this, works on improvement of 
negative electrodes based on tin oxides are still in 
progress [23—59]. Herewith, main attention is paid to 
development of such synthesis techniques as would 
provide stability of the oxide nanostructure and metal¬ 
lic tin formed as a result of their reduction. 


A certain improvement in stability under cycling 
was achieved, in particular, by the doping of tin diox¬ 
ide by molybdenum [24] and also by application of 
mesotubes of tin dioxide [27]. 

At the example of materials based on tin dioxide, 
advantages of t hi n— fil m electrodes were shown 
regarding considerably higher stability under cycling 
than that of electrodes with a relatively thick active 
layer [18, 20 21, 23, 29, 32-38, 41, 42], Such films 
were manufactured using various methods, including 
magnetron deposition [32]. 

High hopes were placed on various composites of 
tin oxides with other materials, primarily, with car¬ 
bon-based materials [47—59], including carbon nan¬ 
otubes [48, 51, 55]. Other suggestions of interest are 
composites or mixed tin oxides with other oxides, e.g., 
with magnesium oxide [60], silicon oxides [61—63], 
cobalt oxide [64], zinc oxide [65]. In the two latter 
cases, the point at issue is not composites, but rather 
spinel-type Co 2 Sn0 4 and Zn 2 Sn0 4 compounds. In the 
case of polarization of such compounds, rather high 
capacity (about 1 A h/g) is implemented in the range 
of potentials of 0 to 3 V, which is inacceptable for the 
negative electrode. Capacity released at the potentials 
of 0 to 1 V does not exceed 300 mA h/g, so that such 
materials have no advantages before graphite. The 
same remark also refers to the composite of tin dioxide 
with antimony [ 66 ]. 

The first description of oxides, with which lithium 
reversibly interacts without formation of an alloy of 
lithium with the reduced metal, appeared in 2000 at 
the example of oxides of bivalent cobalt, copper, 
nickel, and iron [67], In this case, lithium oxide 
formed in the cathodic process is capable of regenerat¬ 
ing in the anodic process, so that the reaction of biva¬ 
lent metal oxide with lithium proves to be reversible: 

CoO + 2Li + +2e Li 2 0 + Co (5) 

(as opposed to irreversible reaction (1)). Thus, it 
would seem that the source of irreversible capacity 
characteristics of materials based on tin oxides disap¬ 
pears, while reversible capacity is preserved at 600— 
700 mA h/g. The possibility of reversible occurrence of 
process (5) was substantiated thermodynamically and 
confirmed experimentally in many works [68—71], 
However, the anodic process (metal oxidation and for¬ 
mation of lithium ions) occurs at a relatively high 
potential (about 2 V), which considerably lowers the 
value of such materials. Nevertheless, the works on 
using metal oxides in megative electrodes are still con¬ 
tinued [72—96]. An invariable condition of reversible 
occurrence of process (3) is preservation of the active 
material in a nanostructured form [69]. The aim of the 
majority of studies is precisely the development of sta¬ 
ble nanostructured oxides. As examples, one could 
name such materials of CuO as nanobands [75], nan¬ 
otubes [76], nanospheres in the form of dandelions 
[77, 79], nanorods [78], nanowires [87], Also, NiO 
nanotubes [85], Cu 2 0 nanoglobules [90], ZnO nano- 
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rods [91] are described. One of the factors nanostruc¬ 
ture stabilization is using composites of oxides and 
other materials, primarily, with carbon, including car¬ 
bon nanotubes [83] and nanospheres [94, 95] or 
metallic nanoparticles [91]. Another approach is using 
continuous solid [80—82, 84—86, 96] or skeleton 
[ 88 , 90] oxide films. (It is pointed out in [80] that 
application of an additional surface film of MgO on a 
thin NiO film promotes improvement of cyclability at 
high current loads). 

Though the functioning of oxide electrodes with¬ 
out formation of lithium alloys with the corresponding 
metals is not accompanied by consumption of irre¬ 
versible capacity in reduction of these metals, irrevers¬ 
ible capacity related to reduction of electrolyte and 
formation of SEI is still preserved [69, 71] and in this 
respect, oxide negative electrodes are quite similar to 
electrodes of carbon materials. 

Apart from oxides of bivalent metals described 
above, much attention has lately been paid to triva- 
lent iron oxides (Fe 2 0 3 ) and cobalt oxide (II, III) 
(C 03 O 4 ) that function according to a similar mecha¬ 
nism [97—130]. In this case, various nanostructures 
(nanospheres [99, 101, 108, 110, 111, 126], nanopyr¬ 
amids [104], nanoplates [98, 112, 124], nanowires 
[115, 125], nanotubes [113, 114], nanoneedles 
[116, 117], nanorods [118, 122]), thin films [100, 107, 
119—121], and nanocomposites with carbon [102, 
103, 106, 109, 123, 127] have also gained the widest 
acceptance. Similar properties are also characteristic 
of mixed spinel—type compounds: CuCo 2 0 4 [131], 
CoFe 2 0 4 and NiFe 2 0 4 [132-134], NiCo 2 0 4 [135], 
ZnCo 2 0 4 [136], 

However, as opposed to the above described oxides, 
chromium oxide, though capable of functioning in the 
same way (i.e., without irreversible formation of 
metallic chromium), features in practice rather mod¬ 
erate capacity, which is related to high electron resis¬ 
tance of such a material [137], To overcome this fault, 
it was suggested to use Cr 2 0 3 in the form of a mesopo- 
rous electrode [138]. On the whole, this attempt 
proved to be unsuccessful, but this paper presents very 
demonstrative data on formation of polymer products 
of electrolyte reduction, i.e., data on irreversible 
capacity of the oxide electrode. 

Also attempts have been made lately to use oxides 
of other metals as the active material of the negative 
electrode. In all cases, the studied objects were nano¬ 
materials, such as Mn 3 0 4 nanofibers [139], thin films 
of nanocrystalline MnO [140], nanofiber composites 
of MnO x with carbon [141], dendritic Mo0 2 nano¬ 
structures [142], Mo0 3 nanopowders [143, 144], 
However, all the studied variants demostrated no 
advantages, as compared to cobalt, copper, nickel, and 
iron oxides: in all cases, capacity obtained in the 
potential range of 0 to 1.5 Y did not exceed capacity of 
usual carbon—based electrodes. 

Of greatest interest are the recent works, in which 
stabilization of the cobalt oxide nanostructure was 


achieved through its “fixation” on the surface of a 
virus [145, 146]. Though very high specific capacity 
values could not be obtained in the first experiments, 
nanostructure stabilization was confirmed and the 
possibility of operation of such electrodes under 
forced modes was demonstrated. Similarly, positive 
electrodes were manufactured using viruses and iron- 
lithium phosphate [ 147]. 

A variety of works is dedicated to attempts of using 
titanium oxides as negative electrodes (see, e.g., the 
review in [148]). Fithium is reversibly intercalated into 
titanium oxide forming a viariable composition phase: 

xLi + + Ti0 2 + xe <-> Li/Ti0 2 . ( 6 ) 

Intercalation of a single mol of lithium per mol of 
titanium dioxide corresponds to specific capacity of 
335 mA h/g, i.e., lower than in the case of using graph¬ 
ite, so that the interest of researchers to titanium diox¬ 
ide is somewhat surprising. As well known, titanium 
dioxide exists in several crystallographic modifica¬ 
tions: rutile, anatase, brookite, and also in the bronze 
structure. And practically all of these were studied with 
respect to lithium intercalation. In all cases, this pro¬ 
cess is described by equation ( 6 ), but the shape of dis¬ 
charge curves is diverse: when lithium is intercalated 
into rutile, the potential changes smoothly in the range 
of 2.5 to 1 V [149—152], while in the case of intercala¬ 
tion into anatase, the curves ma ni fest a practically hor¬ 
izontal plateau at the potential of about 2 V [149—159]. 
More or less horizontal plateaus are also registered on 
electrodes of brookite [160, 161] and Ti0 2 with a 
bronze structure [162], Such high working potential 
values result in a decrease in the voltage of batteries 
with conventional positive electrodes (some research¬ 
ers see this not as a fault, but as an advantage: 
enhanced safety of lithium—ion batteries). In the vast 
majority of cases, titanium dioxide is used in the form 
of nanomaterials (nanotubes [155, 163—169], nano¬ 
rods [156, 170], hollow nanospheres [171, 172], 
nanowires [173], nanoflakes [159]), which is particu¬ 
larly due to its low electron conductivity, and also in 
the form of composites with carbon [167, 174], tin 
[165, 169, 175], silver [168], silicon [176], and thin 
films [177, 178], 

A much more important negative electrode mate¬ 
rial than titanium dioxide is considered to be lithium 
titanate Fi 4 Ti 5 0 12 [179—181]. A single formula unit of 
this sibstance can accept three lithium ions; therefore, 
the theoretical specific capacitance of this process is 
175 mA h/g. The reversible electrochemical process is 
described by the following reaction: 

Fi 4 Ti 5 0 12 + 3e + 3Fi+ = Li 7 Ti 5 0 12 . (7) 

As a result of this reaction, the initial spinel structure 
of Li 4 Ti 5 0 12 passes into the compounds of Li 7 Ti 5 0 12 
with a NaCl-type structure [182], Thus, as opposed to 
the majority of other electrode materials, in which the 
potential depends on the degree of discharge of the 
material (coefficient x in the active substance formula, 
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e.g., Li^Q), in this case, the two—phase equilibrium of 
(Li 4 Ti 5 0 12 ) spinel /(Li 7 Ti 5 0 1 2) quasi " NaC1 is always preserved 
and the potential remains constant (horizontal pla¬ 
teaus are registered in the discharge and charging 
curves [182, 183]). According to the data of many 
authors, this equilibrium potential is 1.55 Y vs. metal¬ 
lic lithium. There is another important circumstance: 
practically no volume variation occurs under lithia- 
tion, i.e., under transition from the Li 4 Ti 5 0 12 phase to 
the Li 7 Ti 5 0 12 phase (the specific volume changes less 
than by 0.1%, while even lithiation of graphite results 
in a volume change by 10—12%). Thus, mechanical 
degradation of the structure is eliminated and very 
high structure stability under cycling is provided. The 
most significant fault of lithium titanate as an active 
material is its low electron conductivity. Therefore, the 
greatest efforts were directed at development of doped 
materials [184—200], composites with electron—con¬ 
ducting additives [201—203], materials with coatings 
[204—206] and nanomaterials [207—210]. 

In conclusion of this section, one must mention the 
cycle of works of [211—215], in which the promising 
character of thin—film negative electrodes based on 
mixed tin and titanium oxides (with Ti0 2 content of 
about 10%) is shown. In such electrodes, tin oxide is in 
the form of nanostructured units and their cycling 
does not result in irreversible process (3b) and ulti¬ 
mately the process similar to reaction (5) is imple¬ 
mented. 


2.2. Metallic and Composite Materials 

As already pointed out, repeated attempts of using 
aluminum and other metals as a matrix for intercala¬ 
tion of lithium were made in the early period of works 
on lithium batteries (before appearance of lithium- 
ion batteries with graphite—based negative elec¬ 
trodes). In the meantime, the main problem of an 
immense increase in the specific volume under lithium 
intercalation resulting in destruction of the metallic 
matrix was identified. Stability of the electrode to such 
destruction is enhanced at a decrease in the character¬ 
istic size of the metal particle and especially at a tran¬ 
sition to nanosize objects [216]. It is for stabilization of 
nanosize tin particles that the approach of reduction of 
tin oxides or the corresponding glasses was used [14]. 
Other approaches to stabilization of nanosize particles 
are also described. Herewith, tin remained the most 
attractive metal for lithium insertion. Tin can form 
intermetallic compounds with lithium; besides, the 
intermetallide with the highest lithium content has the 
composition of Li 22 Sn 5 (Li 44 Sn). This composition 
corresponds to specific capacity of 790 mA h/g or 
2023 mA h/cm 3 . The density of metallic tin is 
7.29 g/cm 3 , the density of Li 22 Sn 5 is 2.56 g/cm 3 . Thus, 
the specific volume increases 2.85-fold at a transition 
from tin to Li 22 Sn 5 . 

No ultradispersed tin powders can be manufac¬ 
tured. Electrodes made of the finest particles have the 


initial capacity of about 500 mA h/g, but particle 
agglomeration occurs under cycling and already by the 
tenth cycle, capacity does not exceed 150 mA h/g. 
Powders manufactured using specical methods and 
containing a certain amount of oxides function in the 
same way, as described in Section 2.1., and capacity of 
about 300 mA h/g can also be obtained on such elec¬ 
trodes after the 100-th cycle [217—221], In [222], elec¬ 
trodes contaning tin nanowhiskers are described. Such 
electrodes were steadily cycled with the capacity of 
about 400 mA h/g, but the anodic process in this case 
occurred in the potential range of 0.6—0.7 V. 

The attempts of manufacturing electrodes with 
thin tin films proved to be more successful [223—234], 
Herewith, the best results were obtained in the case of 
using two—phase Sn—A1 films [224], application of 
thin tin films on copper nanowhiskers [226] and tita¬ 
nium dioxide nanowhiskers [233] or copper nanofoam 
[227], and also manufacturing of porous tin oxides 
[228, 229]. 

The most reliable stabilization of tin nanostructure 
is provided by using alloys and composites. Herewith, 
a clear boundary between these objects is not always 
easily drawn. Of the binary systems, the greatest 
acceptance was gained by the systems of tin—copper 
[235-250], tin-nickel [251-269], tin-cobalt 
[267, 269-277], and tin-antimony [278-290], 

The intermetallic Cu 6 Sn 5 compound can reversibly 
absorb up to 13 lithium atoms per formula unit; the 
theoretical capacity of intercalation compound 
Li 13 Cu 6 Sn 5 is 358 mA h/g, which is comparable to 
capacity of graphite electrodes. And despite this, stud¬ 
ies of the tin—copper system are still in progress. Cer¬ 
tain advantages are characteristic of thin—film electrodes 
of the Sn/Cu 6 Sn 5 composite described in [238]. These 
were cycled with capacity of more than 400 mA h/g. 
However, in this case, lithium intercalation occurred at 
the potentials of 0.1—0.3 V and its anodic extraction 
took place at the potentials of 0.5—0.7 V. The best 
characteristics were typical for electrodes of Cu 6 Sn 5 
applied on a porous copper support. The initial capac¬ 
ity of such electrodes was above 490 mA h/g and after 
20 cycles, it was at least 400 mA h/g [248]. 

A binary tin—nickel system contains the Ni 3 Sn, 
Ni 3 Sn 2 , and Ni 3 Sn 4 intermetallides, ofwhich the latter 
is most often mentioned in the literature. The mecha¬ 
nism of reversible lithium intercalation into tin—nickel 
alloys differs from the mechanism of its intercalation 
into tin—copper alloys. It is assumed that decomposi¬ 
tion of the intermetallide occurs under lithiation, a 
lithium—copper alloy is formed and the nickel phase is 
separated [252, 254, 257]: 

Ni 3 Sn 4 +17.6Li+ +17.6e^ 4Li 44 Sn + 3Ni. (8) 

The theoretical specific capacity corresponding to this 
process is 725 mA h/g. In fact, the values of 100 to 
300 mA h/g were obtained in the majority of works, 
though there are more optimistic results, e.g., in [253], 
the capacity of 650 mA h/g was obtained on a thin 
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alloy film with the tin content of 62 at %, i.e., in a sys¬ 
tem containing intermetallide Ni 3 Sn 4 and pure tin. In 
[257], the data on capacitance of about 500 mA h/g at 
the 10th cycle and 350 mA h/g at the 50-th cycle are 
given. In [258], capacity of500 mA h/g after 200 cycles 
for application of NiSn on copper nanowhiskers was 
reported. The anodic process of lithium extraction 
occurs at the potentials of about 0.5 V. 

The Sn—Co system has no significant advantages 
before the Sn—Ni system. The best results were 
obtained not with pure Sn—Co alloys, but with the 
CoSn 2 /Sn composite [273] similar to a certain degree 
to the Sn/Cu 6 Sn 5 composite. 

The tin—antimony alloy appears to be better matrix 
for reversible lithium intercalation than pure anti¬ 
mony. The Sn/SnSb composite is most often used 
[278, 282], Decomposition of intermetallide and for¬ 
mation of separate phases of lithium alloys with anti¬ 
mony and tin occurs under lithium intercalation into 
the tin—antimony alloy (this systen forms only a single 
stable intermetallide of SnSb) [279, 280]: 

SnSb + 3Li + + 3e -> Li 3 Sb + Sn, (9) 

Sn + xLi + +jce —> Li x Sn. (10) 

More or less pronounced plateaus corresponding 
to separate stages of this process are registered in the 
charging and discharge curves. Herewith, anodic 
extraction of the larger amount of lithium occurs at the 
potentials of 0.6 to 1.0 V. The overall reversible capac¬ 
ity can reach 600 mA h/g. 

Of the other tin—containing binary alloys, the sys¬ 
tems of tin—iron [291, 292], tin—zinc [293], tin—cal¬ 
cium [294], tin—magnesium [295], tin—cerium [296] 
were reported. They are of no particular interest. Of 
similarly little success was application of three—com¬ 
ponent alloys, such as Sn—Sb—Ag [283, 297, 298], 
Sn-Cu-Co [299, 300], Sn-Sb-Ni [301], Sn-Ni-La 
[302], Sn-Cu-Zn [300, 303], Sn-Cu-Ni [300], Sn- 
Cu-Fe [300], Sn-Fe-Ag [304], Sn-Sb-Cu [305], 
and Sn—Sb—Co [306]. 

High hopes were (and are) put on composites of 
metals and carbon; herewith, special place is given to 
carbon nanostructures. Quite diverse composites were 
suggested and studied, of which tin composites and its 
alloys (with cobalt, iron, nickel, germanium, silver, 
antimony) and carbon can be considered the most 
important variants [307—340]. 

Despite the great diversity of the studied metal 
composites with carbon, on the whole, the character¬ 
istics of such materials have no advantages as com¬ 
pared to the conventional graphite materials. Only in 
several works (see, e.g., [313, 316, 318, 335]), specific 
capacitance somewhat exceeding 400 mA h/g was 
obtained. Herewith, the best studied systems are Sn— 
Co-C [323, 326-329, 331, 335-337], on which the 
best results were obtained. (One should once more 
point out that many works report much higher specific 
capacity values, but they are implemented in the 


potential ranges of 0 to 2.5 or even to 3 V, which is 
absolutely inacceptable for negative electrodes of lith¬ 
ium—ion batteries). 

2.3. Silicon—Based Materials 

It is known that silicon features the all-time high 
capacity of revesible lithium insertion (alloy forma¬ 
tion). In the phase diagram of silicon—lithium, the 
intermetallide with the highest lithium content has the 
composition of Li 4 4 Si (Li 22 Si 5 ), which corresponds to 
specific capacity of 4200 mA h/g [341—345]. (One 
should point out that these indicator corresponds to 
specific capacity of silicon in the course of formation 
of an alloy with lithium, i.e., in the course of battery 
charging; in the reverse process, i.e., under extraction 
of lithium from the Li 44 Si intermetallide, specific 
capacity of the intermetallide is about 2000 mA h/g). 

However, the known great increase in the specific 
volume of solid crystalline silicon under insertion of a 
sufficiently high amount of lithium was considered to 
be an insurmountable obstacle for application of this 
material as the active substance of negative electrodes 
[345—349]. Communications in the end of the twenti¬ 
eth century as to stability of silicon—based nanostruc- 
tured materials towards mechanical fracture under 
repeated electrochemical insertion of lithium from 
conventional aprotic solvents caused, if not a revolu¬ 
tion, then a sensation in the research world and results 
in a literal burst of studies on silicon electrodes. At 
first, the most impressive results were obtained on 
samples with thin films of amorphous silicon [348, 
350—359]. In [350], the data on cycling are presented 
for electrodes with an amorphous silicon film with the 
thickness of 50 nm for 100 cycles at specific capacity of 
3500 mA h/g; in [352], more than 1000 cycles with 
capacity of 1500 mA h/g were obtained on an amor¬ 
phous silicon fil m with the thickness of 77 nm; in 
[353], capacity of2000 mA h/g obtained for 180 cycles 
on a film with the thickness of 300 nm was already 
reported. It was found even at that time that stability of 
amorphous silicon films towards cycling decreases 
considerably at an increase in the film thickness. Thus, 
1000 cycles with capacity above 3000 mA h/g were 
obtained on films with the thickness of 50 nm, while 
200 cycles with capacity of 2500 mA h/g were obtained 
on a film with the thickness of 150 nm [356]. In the 
case of films with the thickness of 340 nm, 450 cycles 
with capacity of 2000 mA h/g were obtained while 
50 cycles with the same capacity were obtained for a 
film with the thickness of 3.6 pm [358]. 

It was found that the most important causes of deg¬ 
radation of thin—film electrodes are the actual film 
disintegration (at first, intergranular ohmic resistance 
grow drastically and then the film is transformed into 
powder) and mainly insufficient fil m adhesion to the 
support. Herewith, it was confirmed that adhesion to 
the support very strongly depends on the conditions of 
its surface treatment [352, 360—372], One should 
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point out that the process of desintegration of the 
material is at least in part of dynamic character: lith¬ 
ium insertion—extraction results in agglomeration of 
silicon particles resulting in a decrease in reversible 
capacity [345, 362], 

Though the data on thin—film electrode of amor¬ 
phous silicon in the literature are not contradictory, 
the quantitative difference in these data is rather large. 
The difference in the experimental data is at least in 
part related to the nature and method of preparation of 
the support surface, the method of application of thin 
films, conditions of electrochemical studies. The most 
wide-spread method of application of thin amor¬ 
phous silicon films is probably magnetron deposition 
(in most cases, radio—frequency) [354, 360—362, 367, 
369, 371, 373, 374]. Vacuum deposition using a doped 
silicon target was used, in particular, in [352, 353, 356, 
358, 359, 370, 375]. Certain acceptance was gained by 
the method of chemical vacuum deposition due to 
decomposition of silanes (SiH 4 and Si 2 H 6 ) [348, 350, 
376—381], electron—beam deposition method [368], 
physical deposition technique [382], pulsed laser dep¬ 
osition technique. 

Many authors point out that electrochemical 
behavior of thin—film electrodes of amorphous silicon 
depends on the nature of electrolyte. 1 M LiPF 6 in a 
mixture of ethylene carbonate with dimethyl carbon¬ 
ate still remains the most popular solution [348, 354, 
360, 361, 367, 368, 369, 382, 383], The cause for this 
is possibly trivial: the electrolyte applied is the vali¬ 
dated electrlyte used in commercial lithium-ion bat¬ 
teries with carbon positive electrodes. Nevertheless, 
there are works on alternative electrolytes, particularly, 
with 1 M LiC10 4 solution in propylene carbonate 
[350, 353, 356, 358, 370] and even in ionic liquids [372] 
and in solutions of lithium bisoxolate borate [384]. 

Thin films of amorphous silicon are, while not the 
only ones, still the best studied pure silicon samples. 
However, attempts were made to use just dispersed sil¬ 
icon in the form of a conventional active material. It 
was clear herewith that the characteristic size of silicon 
particles had to be submicron. It was found that partial 
lithiation of crystalline silicon and then its amorphiza- 
tion occur already under the initial cathodic polariza¬ 
tion [372, 385]. All such electrodes are destroyed and 
can indeed be cycled only to a small depth. In any 
case, desintegration of silicon particles results in 
appearance of large internal ohmic resistance decreas¬ 
ing the characteristics of the electrode [386]. 

Somewhat greater attention was paid to electrodes 
in which dispersed silicon is mixed with an active or 
inactive binder. A usual binder is, as wel known, poly- 
vinylidene fluoride (PVdF) (see, e.g., [387, 388]). At 
the same time, PVdF cannot elongate very much, so 
that it can hardly sustain large volume variations of sil¬ 
icon under lithium intercalation. It is for this cause 
that a number of authors studied other binders capable 
of compenstaing volume variations of silicon under 
insertion of lithium. The following binders were sug¬ 


gested among others: polyethylene oxide with lithium 
perchlorate (PEO—LiC10 4 ) and polyethylene glycol 
with lithium perchlorate (PEG—LiC10 4 ) [389]; how¬ 
ever, no real success was obtained. Somewhat better 
results were obtained when PVdF was replaced by a 
mixture of styrene—butadiene rubber with the sodium 
salt of carboxymethyl cellulose; this mixture is charac¬ 
terized by a somewhat greater elastic elongation [390]. 
Carboxymethyl cellulose (in the form of a sodium salt) 
also turned out to be a good binder [391—393]. Finally, 
one should mention polyamide imide. It turned out that 
its use as a binder for dispersed silicon has considerable 
advantages as comapred to PVdF [394]. 

Anyway, using simple dispersed silicon even with 
better binders is a certain palliative. In the best one of 
the above works, [394], specific capacitance of about 
2000 mA h/g for 20 cycles was obtained. 

Most recently, interesting communications 
appeared as to synthesis of silicon nanowhiskers and 
the possibility of their application in lithium-ion bat¬ 
teries [395—399]. Unfortunately, the works of this 
research group received no documentary evidence; 
besides, only the data on a limited number of cycles 
are presented (about 50). But the idea of obtaining sil¬ 
icon in the form of whiskers deserves attention. Of 
special interest is the suggestion to develop whiskers in 
the form of a core—shell system [399]. Here, the crys¬ 
talline core provides mechanical strength and conduc¬ 
tivity of the whisker and the amorphous shell is the 
main component for reversible lithium intercalation. 

A more cardinal method of developing stable sili¬ 
con nanoparticles (amorphous particles) is synthesis 
of silicon composites with other materials, of which 
the most important is carbon. It was found already in 
the first works that the trivial mixing of dispersed com¬ 
ponents (silicon and carbon), even when high energy 
grinding was used (mechanic activation), does not 
result in obtaining high—capacity, steadily operating 
electrodes. A prerequisite was the sufficiently high 
content of low—active carbon (up to 60%), so that the¬ 
oretical capaity of silicon in such composites was com¬ 
pletely lost [400—410]. 

The natural way was to prepare silicon composites 
with carbon using various synthetic techniques, 
including the methods of decomposition of carbon 
and/or silicon compounds. Most recently, develop¬ 
ment of composites of nanosilicon with carbon nano¬ 
tubes has gained certain acceptance [411—415]. This 
popularity is not well justified. Carbon nanotubes as 
such (both single—wall and multiwall) have no advan¬ 
tages as compared to other carbon materials; their 
intercalation capacity is considerably lower than the 
theoretical value, which is quite understandable. Ref¬ 
erences in some papers regarding increased intercala¬ 
tion capacity usually do not separate reversible and 
irreversible capacity [416—438]. Besides, in most 
cases, increased values of intercalation capacity of car¬ 
bon nanotubes were not confirmed in the further 
works. One of the arguments for introduction of car- 
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bon nanotubes into composites with silicon were good 
mechanical properties of nanotubes that could provide 
sufficient compensation of volume changes under 
cycling. Another possible property of carbon nano¬ 
tubes is their increased electron conductivity. But in all 
cases, characteristics of silicon composites with car¬ 
bon nanotubes did not exceed half the theoretical 
capacity. 

It appears more attractive to manufacture nano- 
structured composites of silicon with carbon of differ¬ 
ent methods of decomposition of organic and/or sili¬ 
con-containing compounds. Most often, pyrolytic 
decomposition of the corresponding precursors is used 
(see, e.g., [439—465]). Among other methods, one 
should mention thermal vacuum deposition (TVD) 
[466—468], chemical vacuum deposition (CVD) 
[469—477], One must also mention the attempts of 
developing composites of carbon and silicon whiskers 
[478]. Finally, the original method of developing 
thin— fil m electrodes of silicon—carbon composites 
using alternated magnetron deposition of very thin 
(with the thickness below 20 nm) silicon layers and 
graphite is described in [479—481]. 

If the composites of silicon with carbon can be con¬ 
sidered as the most promising direction of develop¬ 
ment of silicon—based negative electrodes (or, in any 
cases, as the most realistic option for development of 
electrodes with relatively thick active layers), then vari¬ 
ous composites of silicon with other materials are rather 
exotic. Among such composites one should mention 
composites of silicon with silver (its main aim was to 
increase electron density) [482—486], with nickel 
[487-491], iron [489, 492-494], copper [495-497], 
and many other components [498—509]. 

Literature on irreversible processes on silicon- 
based electrodes is much sparser than the literature on 
irrevesible processes on carbon electrodes and is 
largely fragmented. All researchers point out that at 
least partially irreversible processes under initial 
cathodic polarization of silicon electrodes are reduced 
to formation of SEI. Herewith, it is clear that the con¬ 
ditions of SEI formation (or conditions for reduction 
of components of electrolyte) on silicon differ from 
the corresponding conditions on carbon. Reduction of 
electrolyte on silicon occurs at much more negative 
potentials than on carbon, usually at the potentials to 
the negative of 0.6 V (see, e.g., [382]). It is known that 
the surface of silicon is initially always coated by a cer¬ 
tain native fil m which can contain both oxide groups 
(Si—O—Si) and silanol Si—OH [384], Such groups in 
themselves can be reduced with formation of SEI, 
which provides a certain contribution to irreversible 
capacity. The native film is replaced by SEI character¬ 
istic for such conditions practically already in the first 
cycles. Naturally, the conditions of SEI formation on 
silicon depend on the composition of electrolyte. In 
the simplest case, SEI consists of organic and inor¬ 
ganic salts (Li 2 C0 3 , LiF, LiOCOOR) and polyethyl¬ 
ene oxide—type materials [397], SEI on silicon has a 


dynamic character (same as in carbon) and its struc¬ 
ture changes under cycling [395]. A significant 
improvement of SEI (and accordingly a decrease in 
irreversible capacity) can be achieved by introduction 
of various additives into electrolyte or silicon—based 
composite [509]. 

3. POSITIVE ELECTRODES 
3.1. Iron—Lithium Phosphate 

As already mentioned, lithiated cobalt and nickel 
oxides and also lithium—manganese spinels are used as 
the active material in conventional lithium-ion bat¬ 
teries. All these materials belong to the 4 V grade, i.e., 
their potential is 3.5—4.0 V under discharge and 3.7 to 
4.3 V under charging. 

As all conventional positive electrode materials are 
designed for the charging at relatively high positive 
potentials, these materials pose certain problems 
regarding operational safety of lithium-ion batteries. 
It is for this cause that attention has been lately paid to 
search for materials that would operate at somewhat 
less positive potentials. The most probable variant of 
replacement of conventional materials is considered 
to be lithiated iron phosphate that has already reached 
the commercialization stage. 

The possibility of using LiFeP0 4 (triphylite) as the 
active material of the positive electrodes was first men¬ 
tioned in 1997 [510], i.e., even before commercializa¬ 
tion of lithium-ion batteries in their modem form. 
The main merits and faults of materials with an olivine 
structure were elucidated already in the earliest publi¬ 
cations. The FeP0 4 phase is formed in cathodic 
extraction of lithium from LiFeP0 4 , so that only the 
ratio of the amounts of LiFeP0 4 and FeP0 4 phases is 
changed in the course of charging (in the anodic pro¬ 
cess) and discharge (in the cathodic process) and the 
process occurs at a practically constant potential [511] 
and is not complicated by Jahn—Teller distortions. 
LiFeP0 4 favorably compares with the conventional 
materials of positive electrodes due to its lower cost 
and insignificant toxicity. At the same time, electron 
conductivity of LiFeP0 4 is very small: 10 -9 S/cm 
[512], In [510], in discharge even at the current density 
of 2 mA/g (i.e., approximately, in the C/80 mode), 
discharge capacity of 100—110 mA h/g was obtained, 
which corresponds to about 60% of the theoretical 
value. 

To solve the problem of low conductivity of 
LiFeP0 4 , several approaches were suggested, includ¬ 
ing a decrease in the size of LiFeP0 4 particles and 
their uniform size distribution [513, 514]; coating of 
LiFeP0 4 particles by a conducting material, most 
often, carbon [515—519], synthesis of LiFeP0 4 com¬ 
posites with a conducting additive (particularly, car¬ 
bon) , in which each LiFeP0 4 particle would be coated 
by a thin layer of such an additive [520—522], develop¬ 
ment of special morphology and texture of LiFeP0 4 
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particles [523], and also selective doping of LiFeP0 4 
by multivalent cations [524—526]. The most popular 
approach is development of the material in the form of 
very fine particles with an uniform coating by carbon 
with the thickness of several nanometers. 

The equilibrium potential of the LiFeP0 4 /FeP0 4 
system is about 3.5 Y vs. the lithium electrode, i.e., it 
is considerably lower than in the case of conventional 
positive electrode materials. This simplifies substan¬ 
tially the problem of oxidative degradation of electro¬ 
lyte and enhances the safety of batteries. It is shown in 
[527] that in the series of phosphates Li 3 Fe 2 (P0 4 ) 3 , 
LiFeP 2 0 7 , Fe 4 (P 2 O y ) 3 , and LiFeP0 4 , the position of 
the level of the Fe 3+ /Fe 2+ redox couple in the latter dif¬ 
fers most from the Fermi level of lithium (accordingly, 
2.8, 2.9, 3.1, and 3.5 eV), which determines the advan¬ 
tages of this compound. 

Fine reversibility is of due to the practically similar 
structure of LiFeP0 4 and FeP0 4 . Crystallographic 
parameters a, b, and c are, accordingly, 0.6008, 
1.0334, and 0.4693 nm for LiFeP0 4 and 0.5792, 
0.9821, and 0.4788 nm for FeP0 4 [528], 

Under charging, i.e., anodic delithiation of 
LiFeP0 4 grains, the product, FeP0 4 , is formed on the 
surface. In the course of charging, the core of LiFeP0 4 
decreases, the FeP0 4 shell increases and the surface 
area of the interface decreases, which results in an 
increase in true current density. As a result, lithium 
cannot be fully extracted at this current. The authors 
of earlier works assumed that if the initial size of 
LiFeP0 4 particles is decreased and a small amount of 
a conducting additive is introduced (below 1%), 
anodic delithiation could be carried out to a greater 
extent. 

In [529], it was found using a combination of the 
methods of Moessbauer spectroscopy and X-ray dif¬ 
fraction analysis that the boundary layer between the 
LiFeP0 4 and FeP0 4 crystal phases has an amorphous 
structure and the thickness of several nanometers. 
Later, the same authors confirmed these inferences 
using neutron diffraction analysis and concluded that 
it is the slow diffusion and low conductivity that deter¬ 
mine irreversible capacity (i.e., nonextractable lith¬ 
ium) at not too low current densities [530, 531]. 

A more detailed analysis of the phase diagram of 
the FeP0 4 —LiFeP0 4 system showed that it is charac¬ 
terized by narrow regions of Li A FeP0 4 solid solutions 
(a <x < 1 — (3), where a = 0.032 and |3 = 0.038 at the 
room temperature [532], Thus, the main mass of the 
material consists not of the FeP0 4 and LiFeP0 4 
phases, but of the Li a FeP0 4 and Lij _ pFeP0 4 phases. 
This conclusion was predicted in [533] and confirmed 
in [534], 

In [511], olivine was obtained by direct solid- 
phase interaction of stoichiometric mixtures of the 
corresponding initial compounds (iron acetate, 
ammonium phosphate, and lithium carbonate) in an 
inert atmosphere under stepwise increase in the tem¬ 


perature (300—350°C, and then 800°C). Later, this 
technology was used in [529, 535—540]. An effective 
improvement of this method was mechanical activa¬ 
tion [520, 541—546]. An alternative solid—phase syn¬ 
thesis is hydrothermal synthesis used in [541, 542, 
547—549] and the lately widely spread sol—gel method 
[513, 518, 522, 550—559]. A variety of the sol—gel 
method is the so called template synthesis [516, 560]. 

Recently, communications appeared on synthesis 
of composites of LiFeP0 4 directly with nanostruc- 
tured carbon forms (free graphene, carbon nanotubes 
etc) [561—564], and also application of thin—film 
electrodes [565, 566]. 

Correctly manufactured electrodes based on the 
LiFeP0 4 /C composites are characterized by capacity 
close to the theoretical value even under appreciable 
loads. For example, data on capacity of 160 mA h/g 
[552] under discharge in the C/5 mode and above 
120 mA h/g under discharge in the 5 C mode are pre¬ 
sented. 

Up till now, formidable literature is published on 
LiFeP0 4 . A good review is found in [567]. 

3.2. Vanadium Oxide—Based Materials 

Vanadium oxides have long been attracting 
researchers as a promising material for reversible 
insertion of lithium and therefore as a positive elec¬ 
trode material. A fundamental advantage of vanadium 
oxides before all conventional positive electrode mate¬ 
rials, not excepting and LiFeP0 4 , is that lithium inser¬ 
tion into conventional oxides is limited by a change in 
the valency of the oxide—forming metal by only 1 unit 
(Co 3+ —> Co 4+ , Mn 3+ -> Mn 4+ , Fe 2+ —> Fe 3+ ), while in 
the case of, e.g., reduction of vanadium pentoxide its 
valency can, in principle, change by 3 units (from +5 
to +2). Thus, one could theoretically expect that vana¬ 
dium oxides would possess a higher specific capacity. 
Unfortunately, lithium insertion into the crystal lattice 
of vanadium oxide is related to significant structural 
changes. An orthorhombic V 2 0 5 layered crystal struc¬ 
ture (a-V 2 0 5 phase) is characterized by a weak vana¬ 
dium-oxygen bond, which facilitates reversible inser¬ 
tion of small cations, such as Li + (see, e.g., [568, 569]) 
according to the equation of 

V 2 s+ 0 2 ” + xM + + xe M a V 2 5+ _ a V a 4 + 0 2 L (11) 

In the potential range of 3.5 to 2.5 V, reversible inser¬ 
tion of 1 mol of lithium per 1 mol of V 2 0 5 with forma¬ 
tion of a 5-V 2 0 5 phase occurs. In the further reduction 
(for example, up to the potential of 1.5 V), insertion of 
3 atoms of lithium per 1 mol of V 2 0 5 is possible. 
Already insertion of 2 mols of lithium per 1 mol of 
V 2 0 5 results in formation of the y-V 2 0 5 phase with an 
irreversible change in the structure (see, e.g., [570—573]). 
Many works have lately appeared where it has been 
shown that reversible insertion of lithium into vana¬ 
dium pentoxide is possible either when electrodes in 
the form of very thin films or various nanostructures 
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are used. T hi n— fil m electrodes based on vanadium 
oxides are primarily intended for microbatteries, 
including, completely solid-state ones. Rather many 
different methods of manufacturing t hi n—f il m electrodes 
of vanadium oxides are described, including radio—fre¬ 
quency magnetron deposition of V 2 0 5 [574—577], 
pulsed laser deposition [578, 579], vacuum deposition 
of amorphous V 2 0 5 [580—586], plasma—induced vac¬ 
uum deposition [587], anodic [588—592] or thermal 
[569, 593—595] metal oxidation. Thin—film elec¬ 
trodes manufactured of V 2 0 5 xerogels using the spin¬ 
coating technique in [596] and thermal treatment of a 
V 2 0 5 gel in [597] were described. In some cases, rather 
high values of specific capacity were indeed obtained on 
thin—film electrodes. For example, capacity of more 
than 450 mA h/g for 100 cycles at the current of C/10 
in [586] was obtained for films with the thickness of 
200 nm. As a rule, an icnrease in the film thickness 
results in a decrease in specific capacity. 

Literature on nanostructrues of nonthin—film elec¬ 
trodes is much more fragmented. A rather complex 
procedure of manufacturing of V 2 0 5 nanofibers is 
described using the spin—coating technique in [598]. 
Electrodes with such a material had capacity of about 
300 mA h/g. The method of manufacturing nanocrys¬ 
tal nanorods with the diameters of 100—200 nm is 
described in [599], while the methods of V 2 0 5 nano¬ 
tube manufacturing are given in [600—602] and the 
method of nanoband manufacturing is presented in 
[603]. Finally, paper [604] describes different unidi¬ 
mensional nanostructures with the capacity of 200— 
300 mA h/g. Very effective nanostructures are xerogels 
and aerogels [596, 605—614], Data in the literature on 
the properties of xerogels and aerogels are very contra¬ 
dictory, but there are also indications regarding devel¬ 
opment of electrodes with very low specific capacity 
values. Thus, paper [605] describes electrodes capable 
of reversible insertion of 1.9 atoms of lithium per V 2 0 5 
formula unit and paper [609] describes electrodes 
reversible inserting 2.9 lithium atoms; the latetr value 
corresponds to specific capacity of 410 mA h/g. 

One of the faults of V 2 0 5 xerogels is the relatively 
low electron conductivity. It was found that the doping 
of xerogels by small amounts of silver [615], copper 
[615—618], manganese [619] cations promotes an 
increase in conductivity and significant improvement 
of cyclability of such electrodes. 

Lately, composite materials containing vanadium 
oxides (in the form of xerogels or nanotubes) and con¬ 
ducting polymers, such as polyaniline [620—626], 
polypyrrole [623, 627—631], polythiophene [627], 
polyethylene glycol [632], polyvinyl pyrrolidone 
[633], etc. gained wide acceptance, introduction of 
conducting polymers also promotes an increase in 
conductivity of composites, their specific capacity and 
stability under cycling. 

Finally, one should mention the composite of elec¬ 
trolytic V 2 0 5 with carbon also featuring enhanced spe¬ 


cific capacity (280 mA h/g under discharge to 2 V) 
[634], 

Of materials based on pentavalent vanadium 
oxide, of special interest is lithium trivanadate 
LiV 3 O s [635—645]. Lithium trivanadate has a layered 
structure consisting of bands of octahedral [V0 6 ] and 
trigonal [V0 5 ] fragments. These bands are bound 
between themselves through Li + ions [646]. Such a 
structure provides the possibility of reversible interca- 
lataion of a relatively high amount of lithium, at least 
4.5 Li + ion per LiV 3 0 8 formula unit [647], which cor¬ 
responds to specific capacity of 419 mA h/g. LiV 3 0 8 is 
usually obtained by solid-state and sol—gel methods, 
and microwave heating is often used in the latter case 
[648, 649]. Electrochemical properties of lithium 
trivanadate largely depend on its crystalline structure; 
there is evidence of the fact that amorphous structures 
are preferable [650—656]. Similar to V 2 0 5 , lithium 
trivanadate is often used in the form of thin films [657] 
or in the form of nanostructured materials [658—663]. 
Attempts were made to dope tivanadate by other ele¬ 
ments (silicon [664], fluorine [665], yttrium [666]), 
but these attempts proved to be of little success. 

A material of great interest, with its role and impor¬ 
tance as yet not fully determines, is vanadium—lithium 
phosphate Li 3 V 2 (P0 4 ) 3 [667—684], Such a material in 
monoclinic modification can reversibly extract and 
intercalate three lithium ions per formula unit, which 
corresponds to reversible capacity of 197 mA h/g. 
Actual capacities of up to 160 mA h/g are obtained. 
The working potential range of an electrode with such 
a material is 4.5—3.5 Y under discharge and 3.5—4.8 Y 
under charging, so that the safety of lithium—ion bat¬ 
teries with the vanadium—lithium phosphate remains 
problematic. The discharge and charging curves often 
contain clear steps corresponding to extraction (or 
intercalation) of the first, second, and third lithium 
ions at the potentials of about 4.0, 3.6, and 3.5 V. Elec¬ 
tron conductivity of Li 3 V 2 (P0 4 ) 3 is rather low: about 
2.3 x 10 -8 S/cm. Therefore, such a material is often 
used in the form of a composite with carbon (by anal¬ 
ogy with LiFeP0 4 ). Similar to other materials, vana¬ 
dium-lithium phosphate is also used in the form of 
thin—film electrodes [685]. There are reports of dop¬ 
ing vanadium—lithium phosphate by iron [686] and 
chromium [687], 

3.3. High-Voltage Materials 

Of particular interest are the so called high-voltage 
materials, i.e., materials, with lithium inser¬ 
tion/extraction occurring at the potentials close to 5 Y. 
The first class of such materials described by the for¬ 
mula of LiMn 1/3 Ni 1/3 Co 1/3 0 4 is sufficiently well stud¬ 
ied [688], though studies of such materials are still 
continued [689]. Discharge capacity of such materials 
is about 170 mA h/g, which does not significantly 
exceed discharge capacity of conventional cathodic 
materials of lithium-ion batteries. However, an 
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increased discharge voltage implies an increase in spe¬ 
cific energy of lithium—ion batteries at least by 30%. 

Doped lithium—manganese spinels with the com¬ 
position of LiNi 0 5 Mnj 5 0 4 also belong to high-volt¬ 
age cathodic materials and are characterized by a sin¬ 
gle charging—discharge plateau in the potential range 
of 4.7 V [690, 691]. Additional doping of such spinels, 
e.g., by titanium or chromium, results in an increase in 
discharge voltage, acceleration of diffusion of solid- 
phase lithium ions, and also an increase in the charg¬ 
ing-discharge current densities. Another dopant type 
for LiNi 0 5 Mn t 5 0 4 is the light element of F. When a 
part of oxygen atoms is replaced by fluorine, discharge 
capacitance generally decreases, but stability under 
cycling grows considerably [691]. 

Lithiated cobalt phosphate (LiCoP0 4 ), same as 
LiFeP0 4 , has low electron conductivity, so that its use 
as the cathodic material is possible only in the case of 
synthesis of the LiCoP0 4 /C composite [692, 693]. 
Such composites can be discharged at the potentials of 

4.7— 4.8 Y. However, cyclability of such composites is 
very low, as decomposition of liquid electrolyte occurs 
under charging in the potential range of 4.8—5.1 Y 
simultaneously with oxidation of Co 2+ to Co 3+ . The 
initial discharge capacity of LiCoP0 4 /C is close to the 
theoretical one that is about 167 mA h/g. 

A new class of high-voltage cathodic materials is 
fluorinated lithium phosphates. Lithiated vanadium 
fluorovanadate (LiVP0 4 F) is characterized by the dis¬ 
charge potential of 4.5 V. However, discharge capacity 
at a relative low discharge rate (1C) does not exceed 
130 mA h/g [694]. Of much greater interest are fluori¬ 
nated cobalt phosphates. The theoretical capacity of 
such materials is twice higher as compared to that of 
lithiated iron and cobalt phosphates and the process of 
lithium insertion/extraction occurs at the potentials of 

4.8— 5.1 V. The combination of high discharge capac¬ 
ity and high voltage allows assuming that specific 
energy consumption of such materials would be at 
least 2.5—3 times higher than specific energy con¬ 
sumption of lithiated cobalt oxide. The authors of 
[695, 696] reported the results of studyding 
Li 2 CoP0 4 F they synthesized as the cathodic material 
of lithium-ion batteries. It was confirmed that 
Li 2 CoP0 4 F is a new class of 5-Y cathodic materials 
similar to LiCoP0 4 . A fault of both Li 2 CoP0 4 F and 
lithiated cobalt phosphate is high irreversible capacity 
(especially in the first cycles), which is related to 
decomposition of electrolyte at high anodic potentials. 

4. CONCLUSION. 

MAIN TRENDS IN DEVELOPMENT 

OF NEW—GENERATION BATTERIES 

Operation of a lithium-ion battery is based on the 
ability of certain materials of reversibly intercalating 
(inserting) lithium ions. Negative electrodes of the 
up-to-date lithium-ion batteries are made of graph¬ 
ite, into which lithium is intercalated under battery 


charging and the positive electrodes are made of lithi¬ 
ated oxides of transition metals, particularly, of the 
LiCo0 2 compound, from which a part of lithium is 
extracted under charging. The specific capacity of 
graphite electrodes is 350—360 mA h/g, which is close 
to the theoretical limit (372 mA h/g), specific capacity 
of conventional positive electrodes is 120—140 mA h/g. 
The discharge voltage of lithium—ion batteries is 3.6— 
3.7 V; their charging voltage is above 4 V. With account 
for these values, specific energy of the modem lith¬ 
ium-ion batteries is about 200 W h/kg. The further 
increase in specific capacity of lithium—ion batteries is 
possible only when the electrode materials are 
replaced by fundamentally new materials. Avast num¬ 
ber of studies in the recent 10—15 years is dedicated to 
the search for alternative materials for both the nega¬ 
tive and positive electrodes, but up till now, the most of 
lithium-ion batteries are produced in the conven¬ 
tional version. 

The necessity of replacing the electrode materials is 
also determined by the fact that the conventional elec¬ 
trochemical system (a carbon negative electrode and a 
positive electrode based on lithium cobaltite or lith¬ 
ium-manganese spinels) does not provide reliable 
safety in the course of battery operation. This problem 
has lately become especially severe and one of the ways 
for its solution consists in replacement of the positive 
electrode material by the material operating at less 
positive potentials. This certainly results in a decrease 
in the working voltage and preservation of specific 
energy requires that the electrode material would have 
increased specific capacity. Of the diversity of materi¬ 
als suggested recently for the negative electrode, the 
most attractive appear to be the materials based on 
amorphous silicon or silicon—carbon composites. 
Iron—lithium phosphate is generally accepted as the 
main alternative to the conventional positive electrode 
materials. At the same time, of great promise are 
nanostructured materials based on vanadium oxides. 
A new class of 5-V cathodic materials, e.g., such as 
Li 2 CoP0 4 F can be considered as an alternative to 
LiCo0 2 if electrolytes are used that are stable at the 
potentials above 5 Y. 
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